Abstract. The development of hydrogels for protein delivery requires protein-hydrogel interactions that cause minimal disruption of the protein's biological activity. Biological activity can be influenced by factors such as orientation and conformation. Hydrogels must promote the adsorption of biomolecules onto the surface and the diffusion of biomolecules into the porous network at the surface, while maintaining native protein conformation, keeping the protein in an accessible orientation for receptor binding, and maximizing protein release.
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We report here the evaluation of (hydroxyethyl) methacrylate (HEMA)-based hydrogel systems for the delivery of keratinocyte growth factor (KGF) to promote re-epithelialization in wound healing. In this work, we characterize two hydrogel blends in addition to HEMA alone, and report how protein orientation, conformation, and protein release is affected. The first blend incorporates methyl methacrylate (MMA), which is known to promote adsorption of protein to its surface due to its hydrophobicity. The second blend incorporates methacrylic acid (MAA), which is known to promote the diffusion of protein into its surface due to its hydrophilicity. We find that the KGF at the surface of the HEMA/MMA blend appears to be more orientationally accessible and conformationally active than KGF at the surface of the HEMA/MAA blend. We also report that KGF at the surface of the HEMA/MAA blend becomes conformationally denatured, likely due to hydrogen bonding. While KGF at the surface of these blends can be differentiated by FTIR-ATR spectroscopy and ToF-SIMS in conjunction with PCA, KGF swelling, uptake, and release profiles are indistinguishable. The differences in KGF orientation and conformation between these blends may result in different biological responses in future cell-based experiments.
I. INTRODUCTION
The development of hydrogels as clinically translatable protein delivery devices involves engineering a delicate balance of efficient, localized and controlled protein release, while retaining the native conformation and orientation of protein in order for it to perform its biological function. (Hydroxyethyl)methacrylate (HEMA) hydrogels have been of interest for several decades as drug delivery vehicles since adsorption and diffusion of biomolecules into their porous network structure was observed in contact lens research 1 . HEMA hydrogels are swelling materials that are able to take up a large amount of water which gives them properties similar to those of biological tissues 2 .
While the development of HEMA or alternative hydrogel-based small molecule delivery has been extensively studied given the ease of diffusion into the hydrogel porous network, protein delivery poses more complex issues 3 . The hydrogel must possess characteristics that efficiently promote adsorption and diffusion of protein onto the surface and into the porous network, (1) while maintaining the native conformation of the protein, (2) presenting the protein in an orientation allowing for binding to its target cell surface receptors, and (3) allowing for maximized protein release.
We are specifically interested in the development of a bioadhesive protein delivery device to treat traumatic or chronic wounds of the epithelium in regions such as the skin, eyes, throat etc. Upon traumatic injury, the epithelium initiates an intraepithelial repair process which involves the expression of mitogenic and motogenic proteins such as keratinocyte growth factor (KGF) 4 . Prior work from our labs has shown that exogenous addition of KGF in in vitro wound models can expedite the wound closure process 5 . Biomaterial-based KGF delivery allows for localized and controlled delivery of KGF to the wound 4, [6] [7] [8] [9] . The goal of our present research program is to develop and characterize a HEMA-based KGF delivery system that is to be used as an interface between the connective tissue and epithelium, while stimulating the wound healing process. The wound healing process is initiated by the binding of KGF to the KGF-receptor, which is a cell surface signal transducing receptor of the tyrosine kinase family 10 . This binding event leads to cell division and migration of epithelial cells to the wound site, thereby stimulating the wound healing process. KGF binding to the KGFreceptor is mediated by KGF binding to heparin prior to receptor binding, which eventually results in the formation of a KGF-heparin-KGF receptor complex. Therefore, the heparin binding ability of KGF is an initial indicator of its biological activity, and KGF must retain its native conformation and orientation in order to carry out this role 10 .
Previous studies utilizing 2D correlation spectroscopy of a HEMA-based KGF delivery system developed in our labs have shown that while the HEMA system allows for efficient loading and extended release of KGF, 40% of the loaded KGF becomes trapped at the hydrogel surface and denatures. The results of this study showed that the interaction between HEMA and KGF disrupts loop structures of the protein responsible for heparin binding interactions. Therefore, we suspect that the interaction between HEMA and KGF mimics the KGF-heparin interaction due to the hydrophilic nature of HEMA 11 .
In order to evaluate modified, second generation systems for KGF delivery that move towards circumventing the issues of incomplete release and eventual denaturation,
we have chosen to pull together knowledge from prior work on protein adsorption on biomaterial surfaces and prior work on hydrogel development.
Protein adsorption on biomaterial surfaces has been viewed as an issue to understand and prevent; certain materials of interest as biomedical implants have been shown to cause adsorption of common blood proteins 12 . These blood proteins such as serum albumin, fibrinogen, fibronectin, and von Willebrand factor adsorb in orientations that allow for binding to cell surface receptors which leads to the activation of pathways involved in clotting and potential thrombus formation [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . While the activation of thrombus formation by blood proteins due to adsorption onto implant surfaces is not ideal and potentially catastrophic, we want to promote KGF orientations at our hydrogel surface that are able to bind heparin and the KGF cell surface receptor. However, surfaces of interest as implants such as polystyrene, polycarbonate, titanium, poly-methyl methacryate etc. rarely possess characteristics of a drug delivery device such as the ability to load proteins into a material, and release and deliver proteins over time. It is possible that a blend of a material promoting adsorption with HEMA may lead to a receptor-accessible orientation of KGF at the surface.
Hydrogels are known to present viscoelastic features similar to those of biological tissues. Pores within the hydrogel network have the capacity to incorporate components from different biological matrices, and release of these components can be adjusted by varying pore size created by the percent of crosslinker used. Hydrogels also are reported to have good biocompatibility given that no pH changes occur during release due to degradation, and because organic solvents are not required for synthesis. Release of protein has been reported to be due to the collapse of pores in HEMA hydrogels, and the controlled release of numerous proteins has been investigated 3, 15, 27 . HEMA hydrogels also have bioadhesive properties, and are currently FDA approved wound adhesives 28 .
However, hydrogel based protein delivery systems have yet to be clinically translated due to the lack of studies on the biological activity of released proteins and proteins at the hydrogel surface throughout the release process. Hydrophilicity of the hydrogel promotes diffusion of water and solutes into the porous network. Carboxylic acidcontaining monomers such as methacrylic acid have been reported to increase hydrophilicity [29] [30] [31] [32] [33] . A HEMA/MAA hydrogel may promote increased diffusion of KGF and potentially increase the concentration of KGF in and at the hydrogel surface.
However, this may be negated by stronger interactions between KGF and the hydrogel, which could lead to poor release profiles and potential denaturation of KGF at the hydrogel surface.
Our approach to the development and evaluation of second-generation KGF delivery systems is to synthesize hydrogel blends that incorporate (1) methyl methacrylate (MMA), which is known to promote protein adsorption, and (2) methacrylic acid (MAA), which promotes a higher hydrogel water content and increased protein diffusion 34 . For the reasons we have argued above, MMA and MAA containing HEMA hydrogels were also extensively studied in contact lens applications in studies on preventing protein adsorption 27, [35] [36] [37] [38] [39] . However, to the best of our knowledge, the surface characterization of these blends using ToF-SIMS has not been reported. We report the characterization of these hydrogels, FTIR-ATR spectroscopy for the analysis of KGF conformation, ToF-SIMS in conjunction with principal component analysis (PCA) to compare KGF orientation across the surface of the HEMA/MAA, HEMA/MMA, and HEMA blends, as well as release profiles for these hydrogels. 
II. EXPERIMENTAL

A. Hydrogel blend preparation
0.5% crosslinked HEMA hydrogels were prepared by using HEMA, 0.5 vol % TMPTMA, and 0.2% BME dissolved in glycerol. The components were then mixed, degassed, and injected in between silanized glass slides that were separated by a 1. 
B. FTIR-ATR measurements
Spectra of unlabeled KGF at the surfaces of the HEMA, HEMA/MMA, and HEMA/MAA hydrogels were acquired using a Spectrum Two TM FTIR Spectrometer equipped with a Universal ATR accessory containing a diamond/ZnSe crystal. 64 scans were acquired for each sample at 4 cm -1 resolution. The Spectrum software was used to convert spectra from transmittance to absorbance, baseline correction, and ATR correction. Hydrogels were prepared by incubation in 250 nM KGF solutions in PBS for 2 hours, and spectra of hydrated samples were acquired. KGF spectra were determined by background subtraction using hydrogels that had been incubated in PBS only.
C. Deconvolution of FTIR-ATR data
The amide I and amide I regions of the obtained spectra were Fourier selfdeconvoluted using Origin Pro 2017. Parameters for deconvolution were 0.5 for gamma and 0.1 for smoothing.
D. ToF-SIMS
1x1 cm hydrogels were incubated with 62.5 nM KGF in PBS for 2 hours. In order to remove salts and loosely bound KGF, all hydrogels were rinsed in stirred triply distilled water for two times for 30 seconds each. Hydrogels were then oven dried and vacuum dried. Hydrogels without KGF were also oven dried and vacuum dried. Positive secondary ion spectra were acquired on an ION-TOF V instrument (IONTOF, GmgH, Munster, Germany) using a Bi3 + primary ion source kept under static conditions (primary ion dose < 10 12 ions/cm 2 ). Three positive spectra from two samples per hydrogel blend type were collected from 100 x 100 μm regions (128 x 128 pixels). A pulsed flood gun was used for charge compensation. The ion beam was moved to a new spot on the sample after acquiring each spectrum. Spectra were acquired using high current bunched mode over a range of 0-1000 m/z. Mass resolution (m/∆m) was between 4000 and 7000.
Hydrogel samples without KGF were calibrated using CH3 + , C2H3 + , and C3H5 + , and hydrogel samples with KGF were calibrated using CH3 + , C2H3 + , C3H5 + , and C5H10N + .
Mass calibration errors were kept below 20 ppm.
E. Multivariate Analysis
Peak lists were compiled for PCA analysis using the Ion-Tof SurfaceLab PCA on these blends utilizing a peak list of all the peak contributions from HEMA between 12-200 m/z was performed in order to determine whether the surfaces were distinguishable. PC1 captured 61% of the variance in the data set, and the figure S1-3 of the supplementary material. However, the HEMA/MAA blend exhibits both positive and negative scores while the HEMA/MMA and HEMA blends only exhibit positive scores. The peak with the most prominent negative loading in PC2 was due to C2H5O + .
While the HEMA/MAA and HEMA blend surfaces are not distinguishable by PCA analysis, differences in protein orientation and conformation at the surfaces of these blends is still of interest. Additional factors such as phase segregation and topography may contribute to differences in protein orientation and conformation at the surface, and are the subject of future investigations. Positive ToF-SIMS spectra were used for PCA analysis due to a history of positive spectra being informative regarding protein orientation 13, 14, 16, 18, 43 . Amino acid fragments that overlapped with peaks from HEMA, MMA, or MAA were omitted from the peak list, which resulted in a final peak list of 11 amino acids as shown in figure S2-2 of the supplementary material.
Figure 4 of PC1 scores shows that PC1 captures 54% of the variance in the data.
KGF orientation at the HEMA/MMA and HEMA/MAA blend surface regions are distinguishable at the 95% confidence level 43 . KGF orientation at the HEMA surface regions displays characteristics seen in both the HEMA/MMA and HEMA/MAA blends.
Amino acids used in the peak list were characterized as polar/hydrophilic and aliphatic/hydrophobic in order to determine whether the PC1 loadings indicated a pattern for KGF orientation. Hydrophilic amino acids were found to have positive loadings while hydrophobic amino acids had negative loadings. PC1 loadings shown in Figure 4 indicate that the aliphatic amino acids alanine and isoleucine/leucine were detected in high intensities at the surface of the HEMA/MAA blend while polar amino acids serine, threonine, glutamine, arginine, and phenylalanine were detected in high intensities at the surface of the HEMA/MMA blend. These results suggest that aliphatic amino acids are oriented outwards while polar and mostly hydrophilic amino acids interact with the HEMA/MAA surface, and that polar/hydrophilic amino acids are oriented outwards while aliphatic amino acids interact with the HEMA/MMA surface. Observations such as these on PMMA-containing surfaces have been previously reported 44 .
PC2 captures 37% of the variance and creates a distinction between the 2 different HEMA/MMA samples that were studied (3 different regions studied on each sample, see and hydrophilic (blue, all remaining) amino acids labeled and shows that aliphatic/hydrophobic amino acids are mostly found to flank the beginning and end of the 6 beta sheets near the solvent exposed reverse turns, while the polar/hydrophilic amino acids are found in the middle of the beta sheets. Though only 11 (12 including Ile/Leu) amino acids are included in the PCA, we believe that our results are representative of the system because Figure 6 shows that hydrophobic and hydrophilic amino acids tend to localize separately in KGF. Given this knowledge, we believe that inclusion of the remaining amino acids in the PCA would be beneficial but is not possible due to the fragmentation of the hydrogels, and we are comfortable forming the conclusions discussed below.
Of particular importance are the positive loadings of serine, and threonine in PC1.
Mutations in residues S122, and T126 to alanine correspond to the biological activity being reduced to 70%, and 60% when evaluated based on tritiated thymidine uptake in Balb/MK cells 45 . These residues are in the receptor-binding loop (residues 122-132).
Their higher normalized intensities at the HEMA/MMA surface seen in 
IV. DISCUSSION
The results of this study show that blends of HEMA hydrogels made to promote adsorption of protein at the surface or diffusion of protein into the surface affect protein orientation and conformation differentially. We show that KGF detected at the surface of the HEMA/MMA hydrogel has a (1) greater percent of its amino acids oriented away from the surface than KGF at the surface of the HEMA/MAA hydrogel, with its hydrophobic amino acids interacting with the surface and it hydrophilic amino acids oriented outward, (2) KGF in an orientation likely to bind the KGF receptor, and that (3) KGF secondary structure remains in its native conformation. Our observations regarding the orientation of hydrophobic and hydrophilic amino acids have been previously observed in AFM studies of BSA adsorbed at the surface of MMA/AA (acrylic acid) block copolymers 44 . Hydrophilic groups of BSA were oriented away from the MMA surface and this was detected by differences in adhesive force between BSA hydrophilic/hydrophobic groups and the AFM tip. The high intensities of PC loadings of amino acids responsible for biological activity have also been previously reported to be indicative of receptor-binding orientations 16 . HEMA/MMA swelling and KGF release profiles in comparison to HEMA are unaffected by these surface-level changes.
In contrast, we show that KGF detected at the surface of the HEMA/MAA hydrogel has (1) a smaller percent of its amino acids oriented away from the surface with its hydrophobic amino acids oriented away from the surface, (2) KGF in an orientation that doesn't expose amino acids involved in receptor binding, and (3) KGF in a conformation that resembles that of denatured KGF. HEMA/MAA swelling and KGF release profiles in comparison to HEMA are also unaffected by these surface-level changes.
PCA of the hydrogel blend surfaces (Figure 1 
V. SUMMARY AND CONCLUSIONS
We have characterized the abilities of HEMA/MMA and HEMA/MAA hydrogels to promote adsorption and diffusion at their surface related to KGF orientation and conformation by combining ToF-SIMS/PCA of the hydrogels, ToF-SIMS/PCA of KGF orientation, and FTIR-ATR spectra of KGF conformation. While neither PMAA nor PMMA are ideal drug delivery vehicles, this approach has allowed for the characterization of differences in KGF orientation/conformation caused by new properties of the modified HEMA surfaces. The HEMA/MMA formulation allows for a more receptor-accessible orientation of KGF that will potentially result in higher biological efficacy in expediting wound closure. The HEMA/MAA formulation has an increased surface concentration of KGF, but the strength of the hydrogen bonding interactions between KGF and the hydrogel lead to a less receptor-accessible orientation and denaturation. We believe that differences in receptor binding and efficacy in wound closure among the hydrogels will likely be due to differences in KGF orientation and conformation instead of differences in swelling and KGF release profiles. We aim to focus future studies defining the role of phase segregation and porous topography on KGF localization and orientation/conformation, and we will evaluate the effects of KGF orientation, conformation, and localization on receptor binding and wound closure through in vitro heparin binding assays and previously developed in vivo wound closure assays 7 . 
Differential orientation and conformation of
